In spite of extensive investigations, the force-dependent unfolding/rupturing rate k(F) of biomolecules still remains poorly understood. A famous example is the frequently observed switch from catch-bond behaviour, where force anti-intuitively decreases k(F), to slip-bond behaviour where increasing force accelerates k(F). A common consensus in the field is that the catch-to-slip switch behaviour cannot be explained in a one-dimensional energy landscape, while this view is mainly built upon assuming that force monotonically affects k(F) along each available transition pathway. In this work, by applying Kramers kinetic rate theory to a model system where the transition starts from a single native state through a pathway involving sequential peeling of a polymer strand until reaching the transition state, we show the catch-to-slip switch behaviour can be understood in a one-dimensional energy landscape by considering the structural-elastic properties of molecules during transition. Thus, this work deepens our understanding of the force-dependent unfolding/rupturing kinetics of molecules/molecular complexes.
T he force-dependent lifetime of protein domains and protein-protein complexes not only has important biological implications, but also has been an intensively investigated topic in experimental studies [1] [2] [3] [4] [5] and theoretical modelling [6] [7] [8] [9] [10] [11] . A simple phenomenological expression of forcedependent unfolding/rupturing rate proposed by Bell 6 ,
k B T , has been the most applied model to explain experiments. k 0 has often been interpreted as the zero-force transition rate. δ Ã 0 , which has the dimension of length, is often referred to as the transition distance.
Bell's model has been proven very powerful in explaining data recorded over a wide scope of experiments where unfolding/ rupturing typically occurs at high forces (>100 pN) 12 . k(F) fitted to experimental data by Bell's model has often been extrapolated to forces much lower than the force range where experimental data were recorded 12 . However, the validity of such extrapolation is questionable since deviations from Bell's model are often observed at forces of several to tens of piconewtons (pNs) [1] [2] [3] [4] [5] . Among the reported deviations, the catch-to-slip switch behaviour is particularly intriguing, which refers to a phenomenon that k(F) anti-intuitively decreases as force increases over a certain low-force range, while it switches to a more expected slipbond behaviour at a higher force range where force speeds up k (F). Since force of several to tens of pNs is a physiologically relevant force range 13, 14 , the catch-to-slip switch behaviour of biomolecules could play an important role in their biological functions.
The catch-to-slip switch behaviour is characterised by a nonmonotonic force dependence of k(F), which cannot be explained based on a one-dimensional transition pathway if k(F) along this pathway is a monotonic function of force. As a result, nonmonotonic k(F) has been mainly explained by high-dimensional phenomenological models involving multiple competitive pathways or force-dependent selection of multiple native conformations that have access to different pathways 7, [15] [16] [17] [18] . Using a twopathway model, for example, the overall transition rate is described by k(F) = k 1 (F) + k 2 (F), where k 1 (F) and k 2 (F) are the force-dependent transition rates along each pathway. Even k 1 (F) and k 2 (F) could be two monotonic functions of force, their combined force dependence with one of the pathways involving a negative transition distance can result in non-monotonicity of k (F), providing an explanation to the catch-to-slip switch behaviour. On the other hand, models based on force-dependent selection of multiple native conformations that have access to different pathways are much more complex and lack analytical simplicity for general cases 7, 15, 16 . In all of those high-dimensional models 7, [15] [16] [17] [18] , k i (F) (the subscript i represents the ith transition pathway) along each available transition pathway is assumed to be a monotonic function. In most models, k i (F) is assumed to follow Bell's model.
In our recent work, on the basis of Arrhenius equation with a constant prefactor, we showed that the differential force-extension curves between the transition state and the native state have a complex effect on the force dependence of unfolding/ rupturing rates of molecules 19 . This theory can explain complex deviation from Bell's model, including the catch-to-slip switch behaviour, highlighting the importance of the structural-elastic properties of the native and transition states of molecules, which have been ignored in most of the previous models. However, this model derived in the framework of the Arrhenius equation is independent on the underlying energy landscape; therefore, it does not provide an answer to whether high dimensionality is necessary to explain the catch-to-slip switch behaviour. In view of the structural-elastic properties of the native and transition states of molecules as critical determinants of the force-dependent unfolding/rupturing rate, we would ask a question whether the catch-to-slip switch behaviour could be understood on a onedimensional energy landscape by taking into account the structural-elastic properties of the molecule during transition along a single pathway.
In this work, using a model system where the transition follows a single pathway involving peeling of a polymer strand till it reaches the transition state, we have obtained an expression of k(F) derived within the framework of Kramers kinetic rate theory 20 . Here, we show that the derived k(F) can have a complex dependence on force that is affected by the geometry of how force is applied to the molecules. It predicts catch-to-slip switch behaviour for peeling off a pre-extended flexible polymer in the native state under shearing force geometry, which explains the k(F) data obtained from titin I27 domain unfolding over a force range from 4 to 90 pN. Therefore, our result demonstrates that the catch-to-slip switch behaviour can be understood based on a one-dimensional energy landscape under certain conditions.
Results
Derive k(F) based on Kramers rate theory. Kramers investigated a one-dimensional system concerning the escaping rate of a particle from an energy well overcoming a barrier that is significantly separated from the well 20 . Approximating the energy landscape U(x) near the well (at x w ) and the barrier (at x b ) by 2 , respectively, an expression of the particle escaping rate was
The escaping rate implicitly depends on the parameters related to the shape of the free-energy landscape, namely the barrier height ΔG * = U(x b ) − U(x w ), and the stiffness parameters k w and k b .
Explicit dependence of Kramers rate equation on the shape of the energy landscape can be obtained by using an analytical expression of U(x), such as the linear-cubic function,
. Here, ΔG Ã 0 and δ Ã 0 correspond to the energy barrier height (U(x b ) − U(x w )) and the transition distance (x b − x w ), respectively. Based on this energy landscape, the escaping rate becomes a function of ΔG Ã 0 and δ Ã 0 , which can be derived as (see the Methods section)
Applying Kramers theory to understand protein unfolding or molecular complex rupturing, the variable x in U(x) has to be regarded as a properly defined transition coordinate. To avoid potential confusion with the molecular extension, hereafter, we use Ω to denote the transition coordinate. Ω describes the difference from the native state during transition, with Ω = 0 corresponding to the native state of the molecule. It is convenient to choose Ω such that its value increases as transition proceeds, which can be used to describe the state of the molecule during transition and to express the force-dependent energy landscape by U F (Ω) = U(Ω) + ΔΦ F (Ω). Here, ΔΦ F (Ω) is the force-induced change to the original energy landscape U(Ω). We use * to denote the transition state, which corresponds to the maximum point of U F (Ω). ΔΦ F (Ω) can be expressed as 21, 22 (Supplementary Note 1 and Supplementary Figure 1 )
where δ z (F; Ω) = z(F; Ω) − z 0 (F) is the difference between the force-dependent extension of the molecule during transition (z(F; Ω)) and that in the native state (z 0 (F) = z(F; 0)). Many transitions such as force-dependent DNA strand separation follow a pathway involving sequential dissociation of bonds between a flexible polymer and the remaining structure [23] [24] [25] . For such transitions, a natural choice of the transition coordinate is n, which is the number of dissociated bonds, until reaching the transition state indicated by n * . The length of the molecule between the two force-attaching points, D(n) = L(n) + b(n), changes as the transition progresses. Here, L(n) is the contour length of the peeled polymer under force produced during transition, and b(n) is the linear distance between the two force-attaching points on the remaining folded structure. At a given point (n) during transition, under force F, the molecule has an extension of z(F; n) that is the average of its end-to-end distance projected along the force direction. In general, z(F; n) < D(n). At high forces where the entropic conformational fluctuation of the molecule is suppressed, z(F; n) approaches D(n) (Fig. 1) .
Any other quantities that are monotonically dependent on n can also be chosen as the transition coordinate. In order to better link to the kinetics parameters in Kramers theory (Eq. (1)), it is convenient to choose a transition coordinate that has the dimension of length. We propose to use δ l n ¼ DðnÞ À Dð0Þ ¼ LðnÞ þ bðnÞ À b 0 , the change of the molecular length during transition relative to that of the native state, as the transition coordinate. Here, D(0) = b 0 is the linear distance between the two force-attaching points on the native state structure of the molecule (Fig. 1) . In many cases such as DNA strand separation, δ l n monotonically increases as n increases (Supplementary Note 2).
With this choice, δ l n ¼ 0 corresponds to the native state, and δ l n > 0 corresponds to states during transition. The extension change of the molecule relative to the extension in the native state under force F during transition becomes a function of δ l n :
. Here, we clarify that since the native state is the reference point, the extension change during transition when n = 0 is always zero regardless of the value of force. For the simplest case where δ z F; δ l n is proportional to δ l n , δ z F; δ l n can be written as δ l n δ z;unit ðFÞ. Here, the dimensionless quantity δ z,unit (F) is the extension change per unit molecular length change during transition. A famous example of such a simple case is the force-induced DNA/RNA strand separation transition (Supplementary Note 2).
Force-induced change to the energy landscape can be generally The force-dependent energy landscape can be written as
where the linear-cubic function has been used to express the energy landscape in the absence of force,
is the molecular length difference between the transition state and the native state, and ΔG Ã 0 is the original barrier height. The resulting U F ðδ l n Þ is still a linear-cubic function, with
q . Applying the Kramers rate theory, it is easy to show that (see
Transitions through the single pathway of sequential bond separation. The figure shows the rupturing/unfolding transitions through sequential bond separation for the DNA structure (a) and the protein domain (b) under shearing force geometry. At low force F low , the extension of the molecule in the transition state z(F low ; n) could be shorter than that of the native state z 0 (F low ). At high force F high , the extension of the molecule in the transition state z (F high ; n) could be longer than that of the native state z 0 (F high ). As a result, the force-dependent extension change of the molecule between the transition state and the native state δ z (F; n) (i.e., z(F; n) − z 0 (F)) could be a non-monotonic function of force under the shearing force pulling geometry Methods)
At large forces where the extension of the molecule at any transition point approaches the molecular length, δ z,unit (F)~1 and thus γ(F)~F. Substituting γ(F) with F in Eq. (4), the resulting expression of k(F) is identical to the Dudko-Hummer-Szabo model derived under the linear-cubic energy potential 9 . Therefore, the Dudko-Hummer-Szabo model can be considered as a special case of Eq. (4) under large forces where the entropic elasticity of molecules can be ignored. The differences between Eq. (4) and the Dudko-Hummer-Szabo model are discussed in the Discussion section.
Force-dependent DNA strand separation. We next apply the theory to investigate the force-dependent strand separation of double-stranded DNA (dsDNA) under unzipping ( Fig. 2a) and shearing force geometry (Fig. 2b) . Under the unzipping force geometry, breaking one dsDNA basepair produces two nucleotides of single-stranded DNA (ssDNA) under tension (Supplementary Figure 2) . In contrast, under the shearing force geometry, breaking one basepair from one end results in the production of two nucleotides, but only one of them is under tension. In addition, it results in loss of one basepair of dsDNA under force (Supplementary Figure 3) . Denoting b ss and b ds , the contour length per ssDNA nucleotide and dsDNA basepair, h ss (F) and h ds (F), the force-extension curves per unit contour length for ssDNA and dsDNA, it can be shown that δ z,unit (F) = h ss (F) for unzipping force geometry and δ z;unit ðFÞ ¼ Figure 2c shows the force-extension curves of dsDNA/ssDNA per basepair/nucleotide, calculated by an inextensible worm-like chain polymer model with the bending persistence length of 50 nm for dsDNA 26 and 0.7 nm for ssDNA (typical value in 100 mM KCl) 19 (Supplementary Notes 2 and 3, Supplementary  Figure 4) . At forces below~5 pN, ssDNA has a shorter extension than that of dsDNA per nucleotide/basepair, while above~5 pN, the ssDNA extension becomes longer than dsDNA extension. δ z,unit (F) (Fig. 2d, black (Fig. 3a) . The results reveal drastically different effects of force on the change of the energy landscape between the two distinct force geometries. Figure 3b shows k(F)/k 0 predicted by Eq. (4) under the unzipping (dashed line) and shearing (solid line) force geometries. Under the unzipping force geometry, k(F) monotonically increases with force, demonstrating a slip-bond kinetics. In contrast, under the shearing force geometry, k(F) decreases as force increases at <6 pN forces, while it increases as force increases at >6 pN forces, demonstrating a catch-to-slip switching kinetics.
Although these predictions, in particular the catch-to-slip switching behaviour of DNA strand separation under the shearing force geometry, are awaiting for future experimental tests, from the theoretical point of view, this example is sufficient to demonstrate that the catch-to-slip switching behaviour can occur on a one-dimensional energy landscape.
Titin I27 unfolding transition. Eq. (4) can also be applied to cases where δ z ðF; δ l n Þ monotonically depends on δ l n , but is not perfectly proportional to δ l n , by writing δ z F; δ l n ¼ δ l n δ z;unit ðFÞ.
Here, δ z;unit ðFÞ is a "characteristic" extension change per unit length change, which should be calculated by δ z;unit ðFÞ ¼ are determined. A self-consistency check should be performed by comparing the values of δ l n Ã evaluated at the best-fitting value of n * with the best-fitting value of δ Ã 0 , which should be the same when ideal fitting is achieved.
We demonstrate the application of the theory using the forcedependent unfolding of titin I27 immunoglobulin (Ig) domain as an example. We recently reported that k(F) of mechanical unfolding of titin I27 domain exhibits a catch-to-slip switching behaviour at low-force range 2 . Previous steered molecular dynamics (MD) simulation studies have suggested that the unfolding of I27 primarily follows a transition pathway of peeling the N-terminal strand (the A-A′ peptide), during which the residues in the A-A′ peptide are sequentially peeled off from the remaining folded core until reaching the transition state [23] [24] [25] . AFM experiments show that at forces below 100 pN, titin I27 unfolding starts from the native state with the A-A′ strand stacked with both the B and G strands 27, 28 . According to this hypothetical transition pathway suggested by the previous steered MD simulations and AFM experiments,
, where L(n * ) = n * × 0.38 nm is the contour length of the peeled peptide 29 , b(n * ) is the length connecting the n * + 1 residue and the C-terminus of I27 and b 0~4 .32 nm is the length between N-and C-termini of I27 in its native state (Fig. 4a) . L(n * ) ( Table 1 , column 2), b(n * ) ( Table 1 , column 3) and b 0 can be determined from the structure of I27 (PDB ID:1TIT). Thus, δ l n Ã of I27 can be calculated (Table 1, . The extension change at each testing value of n*, δ z ðF; δ l n Ã Þ, is calculated based on the known force-extension curves of a freely rotating rigid structure (Supplementary Figure 5) and a flexible peptide polymer with a certain bending persistence of A ∈ (0.5,1) nm 5, [29] [30] [31] (Supplementary Note 4), which is also treated as a fitting parameter. At each value n * , the I27 experimental data 2 were fitted using Eq. (4) with the constraints for fitting parameters of The best fitting is achieved at n Ã ¼ 8; 9; Á Á Á ; 13; 14 with a similar residual sum of squares (Table 1, the last column). In addition, similar values of best-fitting δ Ã 0 of 1.2-1.3 nm are obtained at all these candidate values of n * . However, the best consistency between δ Ã 0 and δ l n Ã is achieved only at n * of 10-12 (Table 1 , comparing between column 4 and column 7). Therefore, these results suggest that the transition state of I27 corresponds to a structure with 10-12 residues in the A-A′ strand peeled away from the remaining folded core, which is consistent with previous predictions based on MD simulations and single-molecule force spectroscopy experiments that suggest 12-13 peeled residues in the transition state of I27 2, [23] [24] [25] . At the values of n * = 10-12, the best-fitting value of the bending persistence length for a peptide polymer is A = 0.6-0.7 nm, which is close to the values determined in previous experimental measurements using a lock-in force spectroscopy technique and magnetic tweezers 5, [29] [30] [31] .
At any values of ΔG (Fig. 4b , using n * = 12 for example), indicating that the fitting is insensitive to the values of ΔG Ã 0 ) 5 k B T. In addition, the fitting result is similar to that fitted with (Fig. 4b) , which is only valid when jγðFÞδ (Fig. 4c) . These results imply that ΔG Ã 0 should be significantly larger than 6 k B T for I27 unfolding. 
Discussion
In summary, we have discussed the force-dependent two-state unfolding/rupturing rates of molecules/molecular complexes over a one-dimensional energy landscape using a model system where the transition is a process of peeling of a flexible polymer strand from the remaining folded core until reaching the transition state. The peeling is assumed to follow a path involving sequential bond dissociation between the polymer and the remaining folded core, which ensures that the energy landscape can be described by a one-dimensional transition coordinate (i.e., the number of dissociated bonds or the change in the molecular length). By modelling the energy landscape at zero force with a linear-cubic function, we derived a new expression of k(F) for mechanical unfolding/rupturing of biomolecules. Careful analysis of this expression of k(F) reveals a number of important aspects of forcedependent unfolding/rupturing rate of molecules/molecular complexes, which were previously not acknowledged.
The most important finding is that the catch-to-slip switch behaviour can occur on a one-dimensional energy landscape, which is in sharp contrast to the current consensus that such behaviour can only be understood based on a multi-dimensional energy landscape 7, [15] [16] [17] [18] . In all previous models, a monotonic function of k i (F) is assumed in each available transition pathway. This is the reason why the catch-to-slip switch behaviour, which implies a non-monotonic dependence on force, cannot be explained in a one-dimensional energy landscape. Two types of multi-dimensional models have been proposed: (1) single-state multi-pathway models where the transitions starting from the same native state can follow different pathways, and (2) multistate models where the transitions can start from different "native" states, each following a single pathway leading to unfolding/rupturing. Among the native states in the second type of models, reversible transitions are allowed and the rates of the reversible transitions are assumed to be force-dependent.
In single-state multi-pathway models, the catch-to-slip switch behaviour can be explained. However, it requires that k i (F) of one pathway is a monotonically deceasing function of force and at least in one pathway k i (F) is a monotonically increasing function of force. This can be clearly seen using a two-pathway model where k(F) = k 1 (F) + k 2 (F). The catch-to-slip switch behaviour implies the existence of a minimum of k(F), which in turn implies the existence of solution to the following function: In multistate models, the catch-to-slip switch behaviour can be explained without assuming a monotonically decreasing function for any of the transition rates along each pathway. However, it requires a force-dependent switch from a faster transition path starting from a "native" state to a slower transition path starting from another "native" state as force increases. Our model is a single-state single-pathway (i.e., one-dimensional) model; however, it can explain the catch-to-slip switch behaviour. The key mechanism underlying the success of our model is that the unfolding/rupturing rate k(F) is a nonmonotonic function, which is a natural result from the structural-elastic properties of the molecules during transition. A molecule in any given structural state undergoes conformational thermal fluctuations, which are affected by force applied to the molecule. Such fluctuations result in a force-extension relation of the molecule in a given state, with the extension in general shorter than the molecule length at that state. Depending on the structural-elastic nature of the molecule and the pulling force geometry applied to the molecule, we show that with the generation of a flexible polymer under shearing force geometry, the extension change during transition could be negative at lower forces and positive at higher forces. This in turn results in a switch of k(F) from a decreasing function to an increasing function as force increases, i.e., the catch-to-slip switch behaviour.
Another important point we want to stress is that all onedimensional unfolding/rupturing models can be more generally interpreted as effective projections from a higher-dimensional freeenergy landscape, as elegantly discussed in previous study 10 . In our work, the number of separated bonds (n) is chosen as the transition coordinate. It is proper when the molecular extension at any value of n reaches equilibrium, which allows us to use equilibrium force-extension curves to calculate the force-dependent free-energy change during transition. If this condition is unsatisfied, the transition coordinate should be described by both the number of separated bonds (n) and the molecular extension (x), which results in a two-dimensional free-energy landscape.
Under conditions where γ(F) can be approximated by γ(F)~F, the expression of Eq. (4) is identical to the Dudko-Hummer-Szabo model derived under the linear-cubic energy potential 9 . Therefore, the Dudko-Hummer-Szabo model is asymptotic to Eq. (4) only under conditions, such as a large applied force, where the entropic elasticity of biomolecules can be ignored. In the Dudko-Hummer-Szabo model, the molecular extension is chosen as the transition coordinate. However, due to the entropic conformational fluctuation at low forces, the molecular extension becomes a function of force and is improper to be used as the transition coordinate. In contrast, our expression is derived based on the force-independent molecular length change during transition; therefore, it can serve as a proper transition coordinate, regardless of the force applied to the molecule. As a result, in spite of the structural similarity between Eq. (4) and the Dudko-Hummer-Szabo model, the underlying physics and application scope are significantly different between the two models. For instance, k(F) predicted by the Dudko-Hummer-Szabo model is a monotonically increasing δ
therefore, it cannot explain the catch-to-slip switch behaviour typically observed at a low-force range.
In our previous work 19 , by analysing the force-dependent change of the energy barrier height ΔΦ F ðδ Ã 0 Þ (i.e., the additional change to the free-energy difference between the transition state and the native state), we obtained an expression of the force-
derived based on the Arrhenius equation with a constant prefactor, where ΔΦ F ðδ Ã 0 Þ was calculated based on the structural-elastic properties of the molecule between the transition and the native states. We showed that the expression can explain catch-to-slip switch behaviour under a certain pulling force geometry, highlighting the importance of the structural-elastic properties of a molecule as crucial determinants of the force-dependent transition rate. However, as the expression was derived independent from the energy landscape, it does not provide an answer concerning whether the catch-to-slip switch behaviour could be understood on a onedimensional energy landscape. The question concerning whether the catch-to-slip switch behaviour could be allowed in a onedimensional energy landscape has been answered by the work described in this paper.
We emphasise that the model described in this paper is to demonstrate that it is possible to have catch-to-slip switch behaviour on a one-dimensional energy landscape, which overturns the widely accepted belief that the catch-to-slip switch behaviour can only be interpreted on a high-dimensional energy landscape. In addition, it is also possible to apply Eq. (4) to fit experimental data to obtain information on the barrier height and transition distance of the underlying energy landscape. For such applications, several requirements need to be met: (1) prior knowledge of the transition pathway is known, (2) the energy landscape can be described by a one-dimensional sequential bond-breaking process and (3) the energy landscape can be approximated using a linear-cubic function. This is the case of force-dependent strand separation of DNA and RNA duplexes and mechanical unfolding of some protein domains, such as the titin I27 domain.
Like any other models derived based on a preassumed energy landscape, one should be cautious to apply the model to explain experimental data since the shape of the energy landscape underlying the experiments could be significantly different from that assumed in the model derivation. Fortunately, in many experiments, the force-dependent change of the barrier height at a low-force regime is much smaller than the original barrier height. Under such conditions, the force-dependent transition rate can be approximated by the Arrhenius equation with a constant prefactor, kðFÞ ¼ k
, which only depends on the force-induced change of barrier height and is insensitive to the details of the transition pathways as well as dimensionality. As shown in our previous study, under this condition for typical unfolding/rupturing transitions, at forces greater than 5 pN, k(F) has a simple asymptotic expression: kðFÞ ¼k 0 e β σFþαF 2 =2ÀηF
1=2 ð Þ , which contains three structure-elasticity-dependent model para-
Here, γ 0 and γ * are the stretching rigidity of the folded structure in the native state and that of the folded core in the transition state of the molecule, respectively; A is the persistence length of the flexible polymer peeled off in the transition state 19 .
Our analysis for force-dependent strand separation of a short DNA duplex predicts that the force dependence of the strand separation rate strongly depends on the pulling force geometry. Under unzipping force geometry, k(F) monotonically increases with force (i.e., a slip bond), while under shearing force geometry, k(F) exhibits a non-monotonic, catch-to-slip switching behaviour. These predictions warrant future experimental validation. Data availability
